ABSTRACT: This paper reports the development of and an experimental study on an optical fiber sensor for monitoring civil infrastructure systems. This optical sensor employs a vibrating wire whose tension can be modulated by external force, strain, or vibration and transformed into the change of frequency of wire vibration. The frequency of wire is detected by light sent to and reflected from the wire through an optical fiber cable. Compared to other optical fiber sensors developed so far, the proposed sensor has two significant advantages: one is that the sensing head is a vibrating wire (rather than an optical fiber), which can sense a specific physical quantity without being interfered by miscellaneous effects; the other is that the wire vibration is a well understood and reliable physical phenomenon and its frequency is optically measured and transmitted without attenuation or distortion through the optical fiber to recording and other devices. These advantages make the sensor extremely simple, reliable and robust, and hence more readily deployable in civil infrastructure applications. Three prototypes have been developed and their static and dynamic characteristics have been experimentally tested. One of the prototypes was embedded into a concrete specimen to measure its strain and the result agrees with that from a conventional strain gauge. The experimental study with prototypes demonstrates the high performance of the developed optical sensor in terms of accuracy, high frequency range, and other characteristics.
in laboratory [3] ; installation of multimode interferometric sensors to a building, a highway pavement system, and a bridge to measure vibrations, concrete curing, and other parameters [4] [5] [6] .
These exploratory studies have demonstrated the applicability of optical fiber sensors and provided basic knowledge specifically related to the installation or embedment techniques. However Figure 1 , the sensor system consists of the following parts: (1) a vibrating wire stretched between top and bottom portions of a frame through which the external force (force, strain, pressure, vibration, etc.) is transformed into the change in tension of the wire, (2) Since the wire is supported by a frame where the external load is applied to, as shown in Figure 2 , the tension of the wire T and the external load F has the following relationship :
where To is the initial tension of the wire, k2 is the stiffness of the supporting frame, and k, is the stiffness of the wire which is calculated by where E is Young's modulus and A is area of cross section of wire.
The relationship between the load F and the wire frequency f is then derived from Equations (1) and (2) as PROTOTYPE DEVELOPMENT Three prototypes have been developed. Figure 3 shows the prototype #1 developed to demonstrate the feasibility of the basic concept of the proposed sensor. The design is very simple following the basic principles of mechanics and optics. The wire is stretched between two flanges of a channel shape (]-shape) frame and is oscillated by a solenoid which is driven by a series of laser pulses from a light source. The following basic functions are confirmed through testing: (1) the external force applied to the two flanges of the sensor frame can be transformed into the change in the vibrating frequency of wire, (2) the wire can be excited at its resonant frequency of a certain mode through the P.L.L. circuit, (3) the vibration frequency of the wire can be detected accurately by the light sent to and reflected from the wire. Figure 4 shows the prototype #2 developed to test its basic characteristics as a sensor. It has basically the same configuration as that of #1 except for the shape of the supporting frame. The wire is stretched between two relatively flexible end plates of a relatively rigid shell as shown in Figure 4 . The relative flexibility of the end plates allows applied external force transformed into the change in the tension of the wire. Tests are performed to examine the static and dynamic characteristics of prototype #2.
Prototype #3 has the cylinder shape which is similar to prototype #2. It is carefully sealed to become water-proof in order to be embedded into a concrete specimen. EXPERIMENTAL 
TESTING Static Characteristics
The static relationship between external force and frequency of wire vibration is tested first using prototype #2. One end of the optical sensor is attached to a conventional load cell, and axial the load is applied to the other end by a screw jack where the force is controlled by a handle. The conventional load cell is placed between the optical sensor and a fixed base.
In Figure 5 , the voltage applied to the solenoid [ Figure  5 (1) 
Dynamic Characteristics
The dynamic characteristics of the developed sensor (prototype #2) is examined for the future applications in which the response of civil structures are to be measured under dynamic external loads such as winds and earthquakes.
The testing facilities are similar to the one used for static testing, except for the screw jack which is replaced by a hydraulic actuator as shown in Figure 7 . Sweeping excitation tests are conducted in which the sinusoidal load applied by the actuator has a constant amplitude with the frequencies varied from 1 to 100 Hz within a time span of 10 seconds.
A typical set of signals measured by the load cell and by the optical sensor are compared in Figure 8 , where the actuator excitation frequency is 10 Hz and the axial load is around ±10 kgf. The signal from the optical sensor excellently agrees with that from the load cell, a conventional sensor. The accuracy of the optical sensor has thus been demonstrated.
The transfer function of the signal from the optical sensor over that from the load cell is shown in Figure 9 . The magnitude remains to be approximately 1 shape of <~15 cm x lc30 cm. The optical sensor has a cylinder shape of <~3.2 cm x ls 10.5 cm and is placed in the center of the mold as shown in Figure 10 (a). Concrete is then filled around the sensor. The complete concrete specimen with the sensor embedded is shown in Figure 10 (b).
Conventional strain gauges are also installed as indicated in Figure 11 to measure the strain at the surface of concrete cylinder.
From Figure 12 , it is observed that the load detected by the optical fiber sensor is proportional to the total load on the concrete with the proportionality constant equal to 0.00797. Young's modulus of concrete is measured using a different concrete specimen which does not contain the optical sensor and is found to be Ec = 1.77 * 105 kgf/cm2. The equivalent Young's modulus for the optical sensor can be calculated as Es = 2.987 * 104 kgf /cm2 through the following equations.
where ks, ls , and As are the stiffness, length, and end plate's area of the optical sensor, and k,, le, and Ac are those of the concrete specimen.
Therefore, the strain experienced by the optical sensor has the following relation with the load acting on the sensor F, In Figure 13 , the strain calculated by Equation (8) tive concept of using a vibrating wire which is oscillated by a series of light pulses and whose vibration frequency is detected by optical fiber. Three prototypes have been developed, and experimental studies on their static and dynamic performances have been conducted. Experimental testing on
